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Introduction
Critical limb ischemia (CLI) is a manifestation of peripheral artery disease (PAD), caused by the obstruction of blood flow to the limb [1, 2] . CLI affects around 500-1000 per million of the population in Europe and North America every year. Without endovascular treatment, CLI patients are at a very high risk of amputation, leading to significant morbidity and mortality.
Thus, it is considered a critical public health issue worldwide. The fundamental goal of CLI treatment is to relieve ischemic rest pain, heal ulcers, prevent limb loss and improve the quality of life, thereby extending the survival of the patient [1] . Therefore exploring new and more effective strategies for revascularization of ischemic limbs is imperative. A viable therapeutic alternative is necessary to promote angiogenesis through the delivery of proangiogenic drug (genes and growth factors) and/or cell delivery for angiogenesis [3] [4] [5] .
Understanding the pathophysiology of limb ischemia is a necessity for finding an effective treatment [4] . The two major pathways contributing to pathophysiology of this disease are inflammation and angiogenesis. During an ischemic insult, most tissues in the body attempt to compensate for low levels of blood supply by mechanisms of angiogenesis, arteriogenesis, vascular remodeling, and hematopoiesis [3] . Among many proangiogenic growth factors, vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), and fibroblast growth factors (FGF) play an important role in regulating angiogenesis in an ischemic tissue [6] [7] [8] [9] . Ischemia also induces an inflammatory response, triggered by the breakdown products of the degenerating tissue. The major proinflammatory cytokines released during this time are IL-1β, TNFα, and IL-6 [10, 11] . Also, IL-10, an anti-inflammatory cytokine, has been shown to be up-regulated in the ischemic tissue [12] . Despite the endogenous up-regulation of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 4 the tissue, due to the lack of blood supply. Hence, delivering soluble growth factors/cytokines or therapeutic genes could help in slowing down the tissue damage and promote tissue repair [7, 9, 13] .
Non-viral gene therapy is an evolving field [14, 15] . Various cationic polymers have been developed so far to form a complexes of pDNA/polymer (polyplexes) to transfect the gene of interest to cells [16] [17] [18] . The polyplex helps in reduction of the size of the pDNA and helps it in crossing the cell membrane barrier efficiently. Also, pDNA micro-carriers have been developed to load and release genes of interest in a spatio-temporal manner. Recently, elastin-like polypeptide (ELP) has been used to fabricate hollow micro-spheres of a gene delivery depot [19] . ELP is used for various biomedical applications due to its biodegradable, non-toxic, noninflammatory properties and efficient pharmacokinetics for the delivery of therapeutics [20, 21] .
In this study, a combined gene therapy approach for angiogenesis and inflammation has been considered for the treatment of CLI. It was hypothesized that the dual release of eNOS and IL-10 using an ELP based delivery platform will modulate inflammation and increase the blood perfusion in the ischemic tissue. The overall goal of this study was to deliver therapeutic genes for eNOS and IL-10 to treat the ischemic environment and to characterize at a molecular level the role of eNOS and IL-10 and assess the effect on angiogenic and inflammatory pathways ( Figure 1 ). The specific objectives are: 1) fabrication of an ELP based dual delivery system, 2) determination of a therapeutic dose for eNOS and IL-10, and 3) delivery of eNOS and IL-10 in a hind limb ischemia mouse model to characterize at a molecular level the role of eNOS and IL-10 in angiogenic and inflammatory pathways ( Figure 1 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 5
Results

Optimal cross-linking of ELP-based injectable scaffold
An injectable ELP scaffold was fabricated using microbial transglutaminase (mTGase) as a cross-linker ( Figure 2A) . A 20% ELP scaffold and mTGase of 100 U/g of ELP concentration was found to be the optimal ratio of ELP and mTGase to fabricate the scaffold with a gelation time of 10 min at 37 o C. The successful cross-linking of the ELP scaffold was verified by TNBSA (2,4,6-trinitrobenzene sulfonic acid) assay and it was shown that the cross-linked ELP scaffold exhibited 30%±10% reduction in free primary amino groups after cross-linking with mTGase compared to ELP without mTGase ( Figure 2B ). Cellular cytotoxicity of ELP scaffold was measured using human umbilical vein endothelial cells (HUVECs). Metabolic activity using MTT assay revealed that ELP scaffold cross-linked with mTGase is non-cytotoxic, similar to the control, on tissue culture plastic. The ELP scaffold cross-linked with GTA as a negative control showed higher cellular cytotoxicity than that of ELP/mTGase and the control (Supplementary Figure 2) .
Internalization behavior of cells with respect to various sizes of ELP hollow spheres
Various sizes of ELP hollow spheres ranging from 0.1 μm to 10 μm were screened based on optimal loading of pDNA and efficient cellular uptake to be used as a gene delivery depot. Flow cytometry was performed on HUVECS and THP-1 cells treated with FITC-labelled ELP hollow spheres of 0.1, 0.5, 1, and 10 µm sizes. The internalization of ELP hollow spheres into HUVECS did not show any defined pattern, as shown in the case of macrophages, ELP hollow spheres of 0.5, 0.1, and 10 µm size showed more uptake in the HUVECs compared to 1 µm size of hollow spheres ( Figure 2C ). The activated and non-activated THP1 cells showed a higher uptake of 10 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 6 Injectable ELP system for dual pDNA delivery A release study was performed using the ELP-in-ELP injectable system comprising both ELP hollow spheres and the ELP injectable scaffold as gene delivery depot ( Figure 2D ). Two different sample groups were used for this study: 1) ELP injectable scaffold containing pCMVGLuc and 2) ELP hollow spheres containing pCMV-GLuc. The release profile of these systems was monitored for 10 days and a cumulative release profile was calculated. The scaffold/polyplex sample group released 20% of pDNA by day 1 as compared to ELP hollow sphere/polyplex, which was near to 0%. The scaffold/polyplex group released around 40% of its pDNA by day 4 and nearly 90% by the end of 10 days. The ELP hollow sphere/polyplex released a significantly lower percentage of pDNA as compared to scaffold/polyplex. The release for ELP hollow sphere/polyplex was only 20% at day 4 and almost 50% by day 10.
Different doses of eNOS and IL-10 and their effect on angiogenesis and inflammation level
An in vivo subcutaneous study was performed in C57BL/6 mice to determine a combination of dose for eNOS and IL-10. Nine different treatment groups were tested (Table 1) . This in vivo subcutaneous study was performed to characterize the degradation profile of the injectable ELP system and also to elucidate an appropriate therapeutic dose to induce angiogenesis and reduce inflammation in vivo. The degradation of the ELP scaffold is shown in Supplementary Figure 3 .
H & E sections of the tissue revealed a 40-50% higher degradation of the scaffold from day 7 to day 14.
Angiogenesis and inflammation analysis of subcutaneous mouse model
Surface and length density of blood vessels were measured from the H & E sections (Images not shown) of the subcutaneous implants of different treatment groups and control (Figure 3A and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   7 On day 7 the control and IL-10 treatment alone groups showed similar levels of blood vessel density of around 30 mm 2 , whereas the eNOS treatment groups showed blood vessel density around 50 mm 2 . A trend towards an increase in the blood vessel surface density was found in the eNOS treatment groups. On day 14 the blood vessel density increased up to 139 mm 2 in the eNOS group and was significantly higher than that seen in control groups and IL-10 treatment alone groups (40 up to 55 mm 2 ). The eNOS doses of both 10 and 20 µg showed significantly enhanced surface density of blood vessels at day 14. The sample treatment group IL-10 (20 µg)/eNOS (20 µg) showed 62% less blood vessel density, while, IL-10 (10 µg)/eNOS (20 µg) showed 30% less blood vessel surface density than eNOS 20 µg alone on day 14 ( Figure 3A ).
Based on the blood vessel surface density data, treatment groups such as ELP alone, IL-10 (10 µg) alone, eNOS (20 µg) alone, and IL10 (10 µg)/eNOS (20 µg) were used to characterize the length density (Supplementary Figure 4) .The length densities of all the four treatment groups were found to be similar on day 7. On day 14 both the eNOS treatment groups showed 30-50%
higher length density of blood vessels compared to ELP and IL-10 (10 µg) alone. Furthermore, immunostaining of the blood vessels using CD31 supported histological data for vessel density (Supplementary Figure 5) . The results showed higher blood vessel density in the treatment groups eNOS (20 µg) and IL10 (10 µg)/eNOS (20 µg).
Inflammation was measured as volume fraction of the infiltrated inflammatory cells from the H & E sections ( Figure 3B ). At day 7, the volume fraction of inflammatory cells decreased 30% in the case of IL-10 treatment groups compared to ELP alone and eNOS alone treatments. No statistically significant difference was observed between any treatment groups in the amount of inflammatory cells on day 14. CD68 immunostaining, a macrophage marker, showed IL-10 to be Figure 3D ).
Similar to eNOS, IL-10 protein expression level was measured for day 7 and day 14. The IL-10 treated group showed expression of IL-10 from the range of 800-1100 pg/mg of protein on day 7. On day 14 reduction in the expression of IL-10 was observed, ranging from 400 to 700 pg/mg of protein ( Figure 3C ). The control and eNOS alone groups showed an insignificant expression value for both day 7 and day 14.
Inflammatory markers
Nine inflammatory markers comprising of both pro-and anti-inflammatory cytokines were analyzed to determine the pro-and anti-inflammatory cytokines expressed on days 7 and 14 ( Figure 3E ). Samples from days 7 and 14 were used to extract protein and multiplex ELISA was performed to analyze the expression of different mouse inflammatory markers. TNFα showed no significant difference in their expression level for all the treatment groups. The result is similar for days 7 and 14. IFNγ was found to be expressed more in ELP alone compared to IL-10, eNOS, and IL-10/eNOS treatment groups on day 7, while the eNOS treated group showed significantly lower level of IFNγ than other groups on day 14. IL-1β expression level was significantly less in the eNOS treated group compared to others on day 7 whereas there was no significant difference between all the groups on IL-1β expression level by day 14. IL-10 treatment groups have more expression of mIL-10 on days 7 and 14. 9
Administration of optimal doses of eNOS and IL-10 in a hind-limb ischemia model
Unilateral hind limb ischemia in a mouse model was successfully generated by permanent ligation of the left femoral artery and vein. Blood perfusion was used as a measure to assess the effect of the treatments on angiogenesis. Blood perfusion was measured after the surgery every week until day 21 using laser Doppler perfusion imaging (LDPI) ( Figure 4A) , to assess the effect of the treatments on angiogenesis, and is represented as a ratio of perfusion in ischemic limb to non-ischemic limb ( Figure 4B ). The results showed that eNOS treatment groups had 40-50% more perfusion than IL-10, ELP, and control saline groups. Most of the saline-injected animals showed severely necrotic limbs after 21 days, and ELP and IL-10 alone showed 10-15% of perfusion. The clinical severity of the ischemic limb after treatment was recorded based on the extent necrosis to the foot and discoloration of the limb ( Figure 4C ). Saline groups showed minimal functional recovery: out of seven animals, three animals showed severely necrotic limbs. The ELP, IL-10, and eNOS alone treated groups showed minimal functional recovery compared to saline. Five out of seven ischemic mice showed functional recovery in the case of eNOS/IL-10 treatment.
Angiogenesis and inflammation levels in the ischemic tissue
Skeletal muscle samples were cryofixed and 5 µm sections were stained with H & E (Images not shown) to measure blood vessel density, which was measured in terms of surface and length density ( Figure 5C and Supplementary Figure 6 ). Day 7 results showed no significant difference between control saline and different treatment groups such as ELP alone, IL-10 (10 µg), eNOS (20 µg), and IL-10 (10 µg)/eNOS (20 µg). By day 21, eNOS and IL-10/eNOS treatment groups showed a 60% increase in surface blood vessel density ( Figure 5C ). A similar trend was seen in the case of length density measurement, where at day 21 eNOS and eNOS/IL-10 treatment 10 groups showed a 50% increase in blood length density compared to saline, ELP, and IL-10 alone treatment groups (Supplementary Figure 6) .
The volume fraction of inflammatory cells reduced by 50% in the case of IL-10 (10 µg) and 35% for IL-10 (10 µg)/eNOS (20 µg) as compared to saline on day 7. Furthermore, on day 21
the volume fraction of inflammatory cells reduced by 50% for the treatment groups IL-10 (10 µg), IL-10 (10 µg)/eNOS (20 µg) and eNOS alone compared to saline ( Figure 5D ). These results were further validated using CD31 immunofluorescence staining for endothelial cells ( Figure 5A ) and CD68 ( Figure 5B ) for inflammatory cells. CD68 immunostaining data showed that overall macrophages are fewer for IL-10 treated groups for days 7 and 21. CD31 staining showed increased blood vessels in the eNOS treated groups on day 21.
Human eNOS expression in the ischemic tissue was analyzed for different treatment groups by ELISA ( Figure 4E 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 fold) increased expression of FGF1 over that of IL-10/eNOS and 3-4-fold from IL-10 and ELP groups on day 21. Similarly, the eNOS alone treated group was seen to have a significant increased expression of PDGFB over that of ELP and IL-10/eNOS groups at day 21 ( Figure 6A ).
In the case of VEGFA the up-regulation at day 21 was significantly higher compared to ELP, IL-10, and eNOS/IL-10 treatment groups. Furthermore, VEGFB expression in the eNOS alone treatment significantly increased: around 4-5-fold more than ELP, 2-fold more than IL-10, and 5-fold more than that of eNOS/IL-10 groups.
The expression of inflammatory markers IFNγ, IL-4, TNFα, and IL-1β was analyzed ( Figure   6B ). The IL-10/eNOS treatment group showed 2-6-fold higher up-regulation of IL-4 on day 21
from its earliest time point of day 7 ( Figure 6B ). Also, IL-4 expression level was significantly higher in the case of IL-10/eNOS group compared to ELP and IL-10 alone. No statistically significant difference was detected for IL-1β, TNFα and IFNγ for any of the groups and time points.
Moreover, the factors that showed higher expression compared to day 7 expression level were FGF1, SerpinF1, VEGFA, VEGFB, and PDGFB. A statistically significant (2-10-fold) increase in expression level of SerpinF1 was seen from day 7 to day 21 for the eNOS treated groups such as eNOS and IL-10/eNOS ( Figure 6A ). FGF1 was found to have a significantly increased expression level from day 7 to day 21 for eNOS and IL-10 treatments except for scaffold and eNOS/IL-10 treatment groups ( Figure 6A ). Also, a significant increase in expression of PDGFB from day 7 to day 21 was seen in the eNOS alone group. Furthermore, VEGFA showed significant (2-12-fold) up-regulation by 21 days in all the groups except the IL-10/eNOS group ( Figure 6A ). Also, a significantly increased expression of VEGFB was seen from day 7 to day 21
for both IL-10 and eNOS alone treatment groups ( Figure 6A ). 12
Discussion
In this study, an injectable ELP delivery system was designed to deliver therapeutic plasmids encoding IL-10 and eNOS. The aims of the study were to reduce the early onset of inflammation followed by stimulation of angiogenesis in ischemic tissue. This approach necessitated a delivery vehicle that spatio-temporally releases two different genes. Previous studies have reported the fabrication of ELP hollow spheres of various sizes and their use as a gene depot [19] . However, screening various sizes of ELP hollow spheres was necessary to characterize internalization pattern in endothelial cells and macrophages. These cells were chosen for the study as they are found abundantly in ischemic tissue [22, 23] . This screening was performed to find a suitable size of ELP hollow sphere that can be used to load pDNA inside with minimal internalization into both endothelial cells and macrophages. The FACS study revealed that in HUVECs 0.1 and 0.5 µm spheres were internalised more than 1 µm spheres, suggesting size dependent uptake in this cell type. Size dependent uptake of the spheres within the cells has been previously reported in the literature, however macrophages are known to engulf bigger particles [24, 25] . It was found that ELP hollow spheres of 10 µm were engulfed by both activated and non-activated macrophages compared to 1, 0.5, and 0.1 µm ELP hollow spheres. Thus, considering the amount of pDNA that can be loaded within ELP hollow spheres without internalization by macrophages and endothelial cells, 1 µm ELP hollow sphere was chosen to be the gene depot. The previous study performed on size and loading efficiency showed that there was no significant difference between various sizes of spheres for their pDNA loading efficiency. However, the larger the ELP hollow sphere, the more pDNA can be loaded for a spontaneous release of the pDNA.
An injectable scaffold was fabricated so that ELP hollow spheres and injectable scaffold can be combined to deliver dual therapeutic genes IL-10 and eNOS. The biomaterial system used was 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 an ELP scaffold which would be injectable and gel in situ without causing any cytotoxicity. In this study, the ELP injectable scaffold was fabricated by using mTGase as the cross-linker.
mTGase is an enzyme of bacterial origin and catalyzes the acyl transfer reaction between an ε-amino group of lysine residue and a γ-carboxamide group of glutamine residue by introducing covalent cross-links between proteins, peptides, and various primary amines [26] . Additionally, its ease of production and Ca 2+ independent activity make it more suitable than tissue TGase [26] . mTGase catalyzes the acyl transfer reaction between glutamine and lysine residues present in the cross-linking domains of ELP. The TNBSA assay showed a decrease in the amount of free amino groups in the mTGase and GTA cross-linked groups. The number of free amino groups available was reduced greatly after cross-linking with GTA compared to mTGase. This further explains the role of mTGase as a mild cross-linker leaving free amino groups in the scaffold.
These free amino groups help the scaffold to hold negatively charged pDNA or neutrally charged polyplexes with the help of an electrostatic interaction, and thus were released only by treating with an enzyme such as elastase. Free amino groups played an important role in binding pDNA complexes, which are released only under the action of protease and elastase enzymes [19] . The release data showed that the dual delivery system released pDNA with the treatment of elastase, which is abundant in the ischemia area [27] . Also, pDNA was released faster from the scaffold than from ELP hollow spheres. Thus, this system as designed was able to load two different genes at the same time and deliver them spatio-temporally.
To further validate the use of the ELP injectable system in vivo and to determine a therapeutic dose of eNOS and IL-10, a subcutaneous study was performed in the mouse model. ELISA data showed higher expression of eNOS and IL-10. Day 7 showed more IL-10 expression, and it decreased at day 14. In contrast, eNOS expression increased by day 14, while at day 7 there was 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 reduced expression compared to day 14. The pattern of expression of eNOS and IL-10 is temporal and can be correlated to the in vitro release of the ELP injectable system. In the ELP injectable system IL-10 pDNA was loaded inside the scaffold and eNOS pDNA inside the ELP hollow spheres and thus with the initial degradation of the scaffold, IL-10 was released earlier than eNOS. This led to the higher expression of IL-10 by day 7, while for eNOS the highest expression was by day 21. A highest dose of 20 µg and lowest of 10 µg were chosen for the pDNA to perform the dose study. Combinations of the two genes including all the doses were used to do the dosage study.
In total, nine treatment groups were tested in subcutaneous mouse model. The histology data for angiogenesis and inflammation were in accordance with the IL-10 and eNOS expression data. By . This might be due to an inhibitory effect of IL-10 on angiogenesis [28] , when used at a higher dose as seen here. The eNOS at a dose of 20 µg showed higher surface and length density of blood vessels, and in a combination with IL-10 µg reduced the inflammation level without inhibiting angiogenesis. Thus, the treatment group 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 IL-10 (10 µg)/eNOS (20 µg) was chosen for the ischemic study. Moreover, blood vessel surface density was found to have a correlation with the length density in the IL-10/eNOS treatment group. The correlation study showed an increase in surface density and length density with an increase in eNOS expression.
The immunostaining for CD68 and CD31 was in accordance with the histology data for macrophages and vessel density data respectively. The CD68, a universal marker for a wide array of macrophages, was found to be reduced with the treatment of IL-10 and so eNOS treated showed more blood vessel density stained with CD31. The dose study further assessed the combined effect of IL-10 and eNOS. The IL-10/eNOS treatment groups showed an apparent decrease in the level of inflammatory cells by day 7 and an increase in blood vessel density by day 14. But with an increase in dose of the IL-10 the level of blood vessel density decreased.
This inhibitory effect on angiogenesis might be because of the antiangiogenic activity of IL-10.
Ischemic study was performed using a mouse model of unilateral ischemia. There were five groups: saline, eNOS (20 µg), IL-10 (10 µg), eNOS (20 µg)/IL-10 (10 µg), and ELP alone. The treatment groups that showed higher blood perfusion measured using LDPI were in groups treated with eNOS. Saline showed a higher amputation rate. ELP and IL-10 (10 µg) showed minimal blood perfusion. The histological data were in accordance with the LDPI as surface and length density of blood vessels were significantly higher in the case of eNOS treated samples.
The correlation study showed a decrease in inflammation with an increase in IL-10 expression in one of the treatment group. This was further proved by immunostaining with CD31. ELISA test for eNOS showed a similar pattern as seen in the case of subcutaneous dose study. eNOS was expressed significantly by day 21 and thus a higher blood perfusion was seen by three weeks time. eNOS treatment groups enhanced protein expression of eNOS much more than its 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 16 endogenous level (<50 ng/mg of protein) in skeletal muscle [29, 30] . Also, the expression level of eNOS was very similar to that observed in lipoplex mediated eNOS delivery. Similarly, IL-10 treatment groups enhanced the level of IL-10 protein expression in the skeletal muscle, which was significantly higher than previously reported (<100 pg/mg of protein) [31] . eNOS is a major proangiogenic factor and induces angiogenesis by mobilization of vascular endothelial cells and endothelial progenitor cells. eNOS produces NO, which acts as a signaling molecule in the angiogenic pathway [32] . On the other hand, IL-10 acts on proinflammatory cytokines and macrophages to reduce the inflammation level in the ischemic tissue [12] . Furthermore, a mechanistic study was performed to elucidate the cross-talk of IL-10 and eNOS in the ischemic muscle with respect to inflammation and angiogenesis. Ischemic angiogenesis, as mentioned above, is regulated by several angiogenic factors, the major factors being VEGF, PDGFB, bFGF [7] [8] [9] 13] . The eNOS treatment group induced up-regulation of VEGFA and B, potent angiogenic cytokines, which also increases vascular permeability with the help of nitric oxide. Furthermore, eNOS treatment groups also showed an increasing level of serpinF1, an antiangiogenic factor. SerpinF1 is known to inhibit the migration and proliferation of endothelial cells induced by VEGF [33] , and then further inhibits angiogenesis by interacting with specific cell surface receptors. This anti-angiogenic activity of serpinF1 is critical for the regulation of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   17 angiogenesis. Another major proangiogenic factor up-regulated with the treatment of eNOS is PDGFB, which helps in stabilization of newly formed blood vessels [34, 35] . eNOS thus upregulates major proangiogenic factors such as bFGF, VEGF(A and B), and PDGFB to induce angiogenesis. It is known that a short exposure of PDGFB and FGF-2 in the ischemic tissue would be sufficient to establish stable and functional vessels [6] . This shows the role of eNOS in establishing a stable and functional vascular network through up-regulation of bFGF and PDGFB. Also, a decrease in the expression of these specific growth factors can be noticed in the presence of IL-10, suggesting an inhibitory effect of IL-10 on angiogenesis. ELP scaffold itself helps in up-regulation of these major growth factors, but the effect is less than that with eNOS alone. Ischemia leads to damage of the local tissue and thus is a site for inflammation. One of the major anti-inflammatory cytokine is: IL-4 [36, 37] . No significant effect of IL-10 alone was found on IL-4 factor, whereas IL-10/eNOS treatment group showed an enhanced level of IL-4, anti-inflammatory cytokine. Several studies have proposed that maintaining a balance between the proangiogenic and antiangiogenic factors is critical for the regulation of angiogenesis [38] [39] [40] . Thus, use of a combination of eNOS and IL-10 can provide a balance in angiogenesis by inducing a differential expression of proangiogenic and anti-angiogenic factors in the ischemic tissue. The results are briefly summarized in Figure 8 .
In summary, this study reported the fabrication of an injectable ELP based system to deliver IL-10 and eNOS in a spatio-temporal manner. The injectable system was assembled by using ELP hollow spheres and injectable ELP scaffold as two separate gene delivery depots. The results
showed that 1 µm ELP hollow spheres when used as a depot are less internalized into the cells predominantly found in an ischemic tissue, such as endothelial cells and macrophages. The delivery system showed a spatio-temporal release of two different genes. A dose of eNOS (20   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 18 µg) and IL-10 (10 µg) reduced inflammation level and increased angiogenesis in both subcutaneous and ischemic mouse models. The dosage study also showed an inhibitory effect of IL-10 on angiogenesis, especially when a high dose of 20 µg was used. RT-PCR study showed that eNOS induced major proangiogenic factors by weeks 1 and 3 and helped in vascularization of the ischemic tissue. And along with IL-10, it reduces the early onset of inflammation level by inhibiting major proinflammatory cytokines. Although use of IL-10 reduced the angiogenic potential of ischemic tissue, later this was compensated by eNOS induced up-regulation of proangiogenic factors.
Overall, the study was designed to show a holistic approach to the treatment of ischemic conditions rather than focusing only on angiogenesis, and to elucidate an underlying mechanism between inflammation and angiogenesis by using eNOS and IL-10. The study showed the importance of a dose study before any gene therapy, and opens up opportunities to do further preclinical studies in larger animals before moving to clinical trials. Additionally, the ELP-based injectable system shows potential to be used in any disease model for gene delivery.
Materials and Methods
Polystyrene (PS) beads of 0. found in the human aortic elastin, and was expressed and purified as reported previously [41] .
ELP of 94% purity was obtained from Elastin Specialties, Canada.
Purification of mTGase
Ca 2+ -independent mTGase was purified as previously described [19] . Briefly, the mTGase enzyme sample was dissolved in 20 mM sodium acetate buffer (pH 5.8) at a concentration of 500 mg/ml and added to a glass column (1.5 × 30 cm) containing CM52 cation exchange resin preequilibrated with the above buffer at a flow rate of 2 ml/min. The sample was washed with two column volumes of the same buffer and eluted by a gradient of 10 column volumes from 0 to 0.5 M sodium chloride. The samples were analyzed at 280 nm for eluted protein. Pooled fractions were concentrated, dialyzed into PBS, and analyzed for enzyme activity using the transglutaminase colorimetric micro assay kit and purified guinea pig TGase (control) with known units of enzyme activity as standard (where 1 unit will catalyze the formation of 1 µmole 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 20 of hydroxamate at pH 6.0 at 37°C using L-glutamic acid-monohydroxamate as the standard).
Typical activity recovered was in the range of 0.5 U/mg mTGase.
Fabrication of hollow spheres
ELP hollow spheres were fabricated using a template-based method [24, 42, 43] as described previously [19] . Briefly, the fabrication method includes three steps: coating, cross-linking, and dissolution of the PS core to obtain hollow ELP spheres. Monodispersed PS beads were sulfonated to create a negative surface charge on the sphere. These sulfonated PS beads were then used as a template. ELP of ~35 kDa was used to coat the sulfonated PS beads in PBS. The coated beads were then cross-linked using mTGase. Finally, PS beads were dissolved using THF to obtain hollow spheres.
Fabrication of in situ injectable scaffold
A scaffold capable of gelling in situ was fabricated using ELP and mTGase. Briefly, various concentrations of ELP and mTGase were used for fabrication of the scaffold. ELP with 2%, 5%, and 10% (weight/volume) were dissolved in water and with 25, 50, and 100 U of mTGase (U/g of ELP concentration) with several combinations. The ELP/mTGase solutions were incubated in a water bath at 37 o C.
Gelation was characterized at different time points ranging from 5 to 30 min. The combination of ELP and mTGase concentrations (10% of ELP and 100 U of mTGase) gelling at 10 min was further characterized for its cross-linking and cell viability.
TNBSA assay for cross-linking
The cross-linking of ELP hollow spheres with mTGase has been characterized previously [19] , and cross-linking of an ELP scaffold with mTGase was performed similarly. TNBSA is a hydrophilic modifying reagent for the detection of primary amines in samples containing amino 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 21 acids, peptides, or proteins [44] . It reacts readily with the N-terminal amino groups of amino acids in aqueous solution at pH 8 to produce a yellow color. The colored derivatives are detected at 335-345 nm. ELP, both with and without treatment of mTGase, was used for the assay.
mTGase concentrations of 20, 50, and 100 U/g of ELP were used to cross-link ELP. In addition, ELP cross-linked with glutaraldehyde was used as a positive control. For this particular experiment, the cross-linked ELP scaffolds were hydrolyzed in 1N HCl to hydrolyze into a solution. The hydrolyzed ELP solution was then used for the assay.
Cell viability
MTT assay was performed to quantify the cell viability of HUVECS in contact with the scaffold.
Injectable ELP scaffolds were fabricated in a 96 well tissue culture plate. Briefly, 100 µl mixture of ELP and mTGase was plated in several wells of a 96 well plate and incubated at 37°C for 10 min. The ELP scaffolds were then equilibrated for 24 h using EGM-2 medium. The medium was discarded after 24 h of equilibration. HUVECs were harvested using 0.25% of trypsin-EDTA. 5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 22
Propagation of plasmid and isolation
Plasmid pCMV-GLuc, human eNOS (heNOS) and human IL-10 (hIL-10) plasmids were transformed into XL1-Blue (Stratagene) competent cells and selected twice in ampicillin antibiotic containing LB broth and on LB agar plates. Plasmid expansion was performed as recommended in the Giga-Prep (Qiagen) protocol and isolated using that kit. Plasmid purity was confirmed by UV spectroscopy (NanoDrop™ ND1000 Spectrophotometer, Thermo Scientific) and gel electrophoresis.
Formulation of polyplex
Polyplexes were prepared using commercially available SuperFect ® and pCMV-GLuc, heNOS, and hIL-10 plasmids in PBS pH 7.4. The weight-weight ratios of SuperFect ® and plasmids were optimized to 20:1.
In vitro internalization study of ELP hollow spheres using flow cytometry
HUVECs and THP1 cells were grown in T25 tissue culture flasks for flow cytometry studies.
HUVECs were cultured using EBM-2 medium and THP1 non-adherent cells were cultured in RPMI-1640 supplemented with 10% FBS and 1% P/S and L-glutamine at 37ºC in humidified 5% CO 2 . Culture of adherent macrophages from THP1 monocytes was achieved by using phorbolmyristate acetate (PMA) in a differentiation media and were activated using TNFα.
Briefly, the THP1 cells at a density of 800,000-1,000,000 cells/ml were cultured on tissue culture plates in an RPMI-1640 differentiation medium containing 5 g/L glucose, 1% P/S and Lglutamine, and PMA at a final concentration of 100 ng/ml for 24 h.
For the flow cytometry analysis HUVECs and activated and non-activated THP1 were incubated with FITC labeled ELP hollow spheres of 0.1, 0.5, 1, and 10 µm sizes at a concentration of 50µg/ml concentration. After the desired incubation time, cells were trypsinized and resuspended 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 23 in a buffer (1% BSA in PBS). Cells were then analyzed using flow cytometry for internalization efficiency.
In vitro release study
In vitro dual release studies of pDNA were performed on the injectable ELP-in-ELP (ELP hollow spheres embedded within ELP scaffold) system. The injectable system comprised scaffold and 1 µm ELP hollow spheres which were loaded separately with pCMV-GLuc. Two different samples of ELP-in-ELP were prepared, where one of the group was carrying pDNA in the scaffold and another group in the ELP hollow spheres. The systems were tested for the release of pDNA with and without treatment of enzyme elastase. Briefly, 250 mg samples of 1 µm ELP hollow spheres were re-suspended in 300 µl of PBS and polyplexes containing 20 µg of pDNA were added. This mixture was then agitated for 12 h at room temperature. The suspension was centrifuged at 13,000g and the ELP hollow sphere/polyplex complexes were washed four times with MilliQ purified water. The ELP hollow sphere/polyplexes were then mixed with ELP solution containing mTGase and incubated at 37°C to form a gel encapsulating the ELP hollow spheres. In another sample, ELP solution 10% (w/v) was mixed with mTGase and 20 µg pCMVGLuc polyplexes along with the ELP hollow spheres without pDNA. Both the samples were incubated in PBS with elastase at 37°C for 10 days to characterize their release profile. The supernatants were collected and quantified using PicoGreen ® assay. Briefly, the supernatants with polyplexes were treated with high concentration (10 mg/ml) of poly-D-glutamic acid (PGA) for 30 min to break the SupeFect/pDNA complex bound in order to get free pDNA. Finally, this free pDNA was used to quantify the release pattern from the scaffold. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 24
In vivo studies
The ability of an injectable ELP system to deliver two therapeutic genes of interest (eNOS and IL-10) and their therapeutic doses was investigated in an in vivo subcutaneous mouse model.
Subsequently, a unilateral hind limb ischemic model was created to test the effect of human IL-10 and eNOS expression in an ischemic condition. Male C57BL/6 mice 10 weeks old were used for this study. All experimental procedures and protocols were approved by the Ethics
Committee of the National University of Ireland, Galway under the license (B100/4131) granted by the Department of Health and Children, Dublin, Ireland. Mice were housed in groups of three per cage under controlled temperature and humidity conditions. They were fed a regular chow diet and had access to water.
Subcutaneous dose response study
Animals were anaesthetized using intra-peritoneal injection of ketamine (80-100 mg/kg) with xylazine (10 mg/kg). The skin overlying the scruff and back of each animal was shaved. The treatments were randomised injected in four different places in each mouse. The total sample volume was kept at 100 µl, with different formulations of eNOS (10 and 20 µg) and IL-10 (10 and 20 µg) encapsulated in ELP hollow spheres and scaffolds respectively. The total number of treatment groups was nine, including the control group of ELP scaffold/hollow spheres alone.
Two different time points, days 7 and 14, were taken to study both inflammation and angiogenesis, with six animals for each treatment group. The animals were sacrificed at days 7 and 14 and the tissue samples were harvested. Each tissue sample was dissected into two halves.
One half of the sample was fixed with 4% formaldehyde for histological and immunohistochemical analysis and the other half was divided again into two halves and stored at -80 o C for protein and mRNA analysis. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 25
Hind limb ischemic study
Mice were anaesthetized using a combination of ketamine (80-100 mg/kg) and xylazine (10 mg/kg) administered intraperitoneally. The limbs of the mice were shaved and sterilized using iodine before the surgery. The femoral artery was exposed by performing an incision in the skin overlying the middle portion of the hind limb of each mouse (unilateral). Left femoral artery and vein were ligated proximal to the profunda femoris and excised. The overlying skin was then closed using a surgical suture. Animals were closely monitored until full recovery from anesthesia. Laser Doppler perfusion imaging (LDPI) was performed before and after surgery to assess the perfusion level in the ischemic limbs. An ELP injectable system containing IL-10 and eNOS was injected intramuscularly. There were five treatment groups in total, including control saline and empty scaffold/empty hollow sphere alone. Blood perfusion level was monitored over different time points (1, 2, and 3 weeks) using LDPI. Animals were housed separately postsurgery under controlled temperature and humidity conditions. Postoperative buprenorphine was administered for analgesia. Clinical signs manifested due to poor or occluded blood flow to the limb was semi-quantitatively assessed by gross examination of the degree of necrosis and ambulation in the left limb until day 21 [45, 46] . A modified four-point scale was used to assess the severity of the induced ischemia. 1= plantar flexion, mild discoloration 2= No plantar flexion, mild discoloration 3= No plantar flexion, moderate to severe discoloration 4= necrosis or auto-amputation of toes (2 or more). Animals were sacrificed at different time periods (weeks 1 and 3) with CO 2 asphyxiation. The tissue sections were processed for histological evaluation and protein and mRNA expression analysis as described previously .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 26
Histology and immunohistochemistry
Samples from subcutaneous implants were paraffin embedded whereas for ischemic study tissue samples were frozen embedded using cryo-OCT compound. Blocks were cut into sections of 5µm thickness. Nine sections were cut from each block from three different depths with 100µm
intervals. Slides were stained with H & E using standard protocol. The images for identification of inflammatory cells and blood vessels were taken at 400× magnification in the beginning for consistency.
Identification of blood vessels was confirmed by immunofluorescence staining of the endothelial cell membrane marker CD31 using standard protocols. Briefly, tissue sections from the paraffin embedded samples were deparaffinized and processed through a gradient from 100% ethanol to 50% and finally in water. Furthermore, enzymatic antigen retrieval was carried out at 37 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 27 488 (1:400 in 0.01 M PBS, Invitrogen, Ireland) was applied for 45 min at room temperature, followed by DAPI as a counterstain.
Stereology
Six fields of view of the H & E stained slides were captured at 400× magnification. The volume fraction of inflammatory cells was measured using a 192-point grid. The surface density and length density of blood vessels were measured using a cycloidal line grid.
Inflammation
Volume fraction (V V ) is a relative parameter best estimated by point counting [47] . The number of neutrophil-and macrophage-cell nuclei intersecting grid points was counted (P P ). This number was divided by the total number of grid points for each field of view (P T ), and a cumulative volume fraction of inflammatory cells was calculated for the six fields of view on each section. The following formula was used to calculate volume fraction of inflammatory cells.
Angiogenesis
A cycloidal grid of 40 μm radius was overlaid on each field of view [47] . The grid consisted of six test lines, each comprising 10 cycloid arcs. Therefore, the total length (L T ) of cycloid arcs was 2400 mm. The number of times a blood vessel intersected (I) an arc was counted, and the following standard equation was used to measure the surface density (S V ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 This distance is critical to determine the efficiency of new blood vessels, as it measures the zone of diffusion around blood vessels.
Quantification of eNOS and IL-10 level
Protein analysis was conducted on tissue homogenates using human IL-10 and eNOS ELISA kit from R&D Systems. Briefly, tissue samples were suspended in Tissue Extraction Reagent (Sigma, Dublin, IE) at 20 mg/mL. The samples were incubated for 5 min at 4 o C and then homogenized using a Tissue Ruptor (Qiagen, Crawley, UK). Homogenates were centrifuged at 10,000g for 10 min to remove particulates. The IL-10 and eNOS content in the supernatant was then analyzed and normalized to the total protein content, as analyzed using the bicinchoninic acid assay.
Multiplex cytokine measurements
A mouse inflammatory cytokine multiplex array (Meso Scale Discovery, Gaithersburg, MD) was used to analyze the relative levels of a variety of inflammatory cytokines. Briefly, tissue lysates extracted as described above were added to plates carrying antibodies for interferon gamma (3 )   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 29 (IFN-γ), interleukin 1β,-10 (IL-1β, IL-10), tissue necrosis factor alpha (TNFα). The plate was then imaged with a SECTOR ® Imager 2400 (Meso Scale Discovery, Gaithersburg, MD).
RT-PCR Analysis
RNA was isolated using RNeasy ® Micro Kit (QIAGEN), following the manufacturer's protocol. Briefly, cells were homogenized by Trizol and then phase separated using chloroform. The quantity of RNA isolated was checked spectrophotometrically using a
NanoDrop. The quality was checked using Agilent RNA. The isolated RNA was first reverse transcribed using Reverse Transcription System (QIAGEN). The cDNA thus obtained was then rRNA was used as a reference gene to normalize the qRT-PCR data.
Statistics
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